The ability of kittens (45-135 days of age) to segment images based on textural differences was examined using a two-alternative forced-choice procedure on the jumping stand. Tasks based on 3 textural cues--element size, element density and element orientation--were presented concurrently in a within-subject design. Texture segmentation based on element size appeared as early as 47 days of age, and segmentation based on element density as early as 57 days. In both cases, onset age varied with the specific stimulus parameters. Segmentation based on a 90 deg difference in element orientation did not appear until after 90 days and its time of appearance was independent of element size over a 2 octave range. For all segmentation cues, age was a more powerful determinant of when a task would be solved than was amount of training. The late onset of segmentation based on orientation, relative to other cues, closely parallels recent findings in human infants. This evidence of differences in developmental time course provides strong support for the idea that texture segmentation based on orientation differences does not share a common neural substrate with texture segmentation based on other visual cues.
INTRODUCTION
One important reason for studying visual development is to ascertain from the timetable of appearance of various functions which ones might share common mechanisms, or form stages in a common hierarchy of visual analysis. Over the past two decades, much of the focus in this field has been on the development of threshold spatial tasks, in particular spatial resolution (Atkinson, Braddick & Braddick, 1974; Teller, Morse, Borton & Regal, 1974; Mitchell, Giffin, Wilkinson, Anderson & Smith, 1976; Teller, Regal, Videen & Pulos, 1978) and some of the so-called hyperacuities--vernier acuity (Shimojo, Birch, Gwiazda & Held, 1984; Belleville & Wilkinson, 1990; Kiorpes, 1992) and stereoacuity (Timney, 1981; Birch, Gwiazda & Held, 1982) . Until very recently, much less attention was given to superthreshold functions.
Texture segmentation, or the ability to detect boundaries between regions of an image based on textural differences, is one such superthreshold task. Adults can discriminate between many textural pairings rapidly and effortlessly, suggesting a mechanism operating in parallel across the visual field and not requiring the action of focused attention (Julesz & Bergen, 1983 boundaries between regions of different texture detected preattentively, but information about the orientation of such boundaries can support the identification of the shape of the embedded texture region (e.g. Nothdurft, 1985) . Three recent reports have indicated that the ability to segment images based on textural differences may appear rather late in development, at least when local orientation is the cue differentiating the textures (Atkinson & Braddick, 1992; Sireteanu & Rieth, 1992; Wilkinson & Crotogino, 1995) . The two studies of human infants employed preferential looking paradigms. Reliable preferences for stimuli containing a texturally defined boundary were reported at 14-18 weeks in one study (Atkinson & Braddick, 1992) and 9 12 months in the other (Sireteanu & Rieth, 1992) . In both studies, embedded figures of the same general type were selectively attended to much earlier when the texture difference also entailed a global luminance difference introduced by altering element size in the embedded texture region. The discrepancy between these studies in terms of the age at which reliable segmentation appeared is rather surprising, and more recent work from Sireteanu's laboratory suggests that methodological differences may provide an explanation (Rieth & Sireteanu, 1994a) . However, even the 14-18 weeks reported by Atkinson and Braddick (1992) is late compared to the onset of such functions as orientation discrimination (e.g. Manny, 1992) . The third study, from our laboratory, examined the onset of texture segmentation in kittens in a two-alternative spatial forced-choice paradigm on the jumping stand (Wilkinson & Crotogino, 1995) . We reported that while kittens as young as 52 days of age were able to perform a texture segmentation task that was not based on orientation differences (the elements were dots and annuli), kittens trained over the period from 50 to 80 days of age were unable to acquire orientation-based texture segmentation within our limit of 500 training trials. The non-oriented textures in our study were rather complex, so we cannot identify a single critical cue to segmentation. Although closely matched for global luminance, they differed in their Fourier amplitude spectra, which may have resulted in a marked difference in the salience of the two textures.
It is tempting to ask what makes orientation "special" developmentally. However, a number of issues arise from our earlier study which require answers before concluding that there is something unique about orientation-based texture segmentation. In our previous work, we were surprised to observe that most of our kittens tested between 50-80 days of age showed no evidence at all of improving performance with increasing age and training. In contrast, kittens trained on the same tasks beginning after 80 days showed rapid acquisition in many cases. This could indicate a very abrupt transition point in visual development at 80 days, the coming into play of a mechanism not functional earlier. On the other hand, it could be that the neural substrate for the orientation-based discrimination develops gradually over the period prior to 80 days of age, but that the kittens had become bored or frustrated by their early failure and had ceased attending to the task by the time their visual systems were capable of processing the textural boundaries.
We also observed that most of the kittens that eventually solved an orientation-based texture segmentation task (after 80 days of age) had already been successfully trained on our non-oriented texture segmentation task. This raises the question of the possible contribution of the apparently "easier" task to the eventual solution of the more "difficult" orientationbased problem. The work reported in this paper was designed to resolve some of those issues, and to extend the analysis to 2 other cues for texture segmentation--element size and element density.
Here we introduce a concurrent training paradigm in which kittens are trained simultaneously on three classes of texture segmentation task based on element orientation, size and density, respectively. Two exemplars of each class are used to provide a greater range of texture element sizes. Thus, at any given time, a kitten is learning six problems or, conceptualized differently, one problem (find the embedded target square) under six different stimulus conditions. The density tasks contain a global luminance difference, whereas the orientation and element size problems do not. Thus, based on the earlier infant work, one would anticipate that the density problems would be relatively easy at an early age. By using a within-subject design in which each kitten learns 3 types of task concurrently, we hoped to circumvent the problem of task difficulty as all kittens would be trained on easy as well as potentially difficult tasks simultaneously.
By using several tasks concurrently, the number of trials per task per day is restricted considerably. This allows the possibility of resolving the confound between age and amount of training: do specific tasks require specific amounts of training or do they become achievable at a particular age, independent of how much training has been given beyond some minimal level? If age alone were the critical factor, we would expect the same outcome for orientation-based tasks as in our previous study (i.e. a late onset, shortly after 80 days of age). If amount of training with a specific cue is the critical factor, then criterion performance should occur even later in the current paradigm because of the drastic reduction in number of trials per day (40 per day in our previous study, vs 10 over each 2-day period in the present study). Finally, if initial or concurrent training on "easy" tasks is helpful, we would predict more rapid acquisition of the orientationbased task than in our previous study, at least in terms of the number of training trials to reach criterion performance. We might also expect to see a more gradual improvement in performance with age, rather than the very abrupt change observed in our previous study.
METHODS

Subjects
Seven kittens from 3 litters (A-C) served as subjects in the main experiment; 2 additional kittens from a fourth litter (D) were studied in the detection control experiment. All kittens were born in the laboratory. They were housed with their mothers until completely weaned and then in cages with another littermate for the duration of the study. Laboratory cat chow and water were available ad libitum. In some individual cases, food was withheld for several hours prior to testing; however, for most kittens, extended food deprivation was not necessary to achieve excellent motivated performance. All work was carried out in accordance with the guidelines of the Canadian Council on Animal Care.
Apparatus
All testing was carried out on a jumping stand for kittens. The jumping stand and procedures for pretraining on this apparatus have been described in detail elsewhere (Mitchell et al., 1976; Wilkinson, 1986) .
Briefly, the jumping stand consists of an elevated viewing platform and two landing platforms onto which the stimulus cards are placed. The landing platforms are trapdoors, which can be released if the kitten jumps onto the incorrect stimulus. This results in a fall of approximately 30 cm onto a bed of foam rubber. Correct responses are rewarded with beef baby food. The height of the viewing platform is adjustable. At the onset of pretraining, it was lowered to the same level as the landing platforms; by the onset of testing it had been elevated to 30 cm, where it remained throughout testing. Since the kitten's eyes are typically at about the level of the platform 
Positive
Negative FIGURE 1. An example of the L&T task (0.8 deg dots). The background texture of the positive stimulus (a) always matched the homogeneous texture field of the negative stimulus (b). Tasks of this type also made up the first 10-trial block of each session during texture segmentation testing. The actual textures used included all elements sizes, densities and orientations.
when they make their choice, 30 cm is taken as the viewing distance.
Stimuli
The stimuli were all high contrast black-and-white reproductions of 4 large dot arrays which were constructed to meet the constraints outlined below. The total textured area on each stimulus subtended an area of 19 × 19 deg at the 30cm viewing distance. Some examples are illustrated in Figs 1 and 2. Positive stimuli contained a central square region (5.7 × 5.7 deg) which contrasted either in luminance [ Fig. l(a) ] or in texture (Fig. 2) from the background texture. For any particular problem, the negative stimulus consisted of a homogeneous texture identical to the background texture of the positive stimulus [ Fig. l(b) ]. However, from trial to trial the positive and negative stimuli were rotated randomly and independently to prevent the kittens from identifying local dot configurations, or from comparing the positive and negative arrays on a point-by-point basis. The textured patterns were mounted on white cardboard and covered with matt plastic which permitted frequent cleaning.
Four basic patterns were constructed: three random arrays of dots of different densities, and a random array of 4-dot strings. The 3 dot arrays were constructed by positioning a 8 mm black dot randomly within each square of a grid of 2 × 2, 3 × 3 and 4 × 4cm squares, respectively• Dots were constrained not to fall within 1 mm of the edge of the square so as to prevent abutting dots. This gave rise to three patterns of decreasing dot density: percent coverage of the field by dots was 12.6, 5.6 and 3.1% respectively• The most dense array (i.e. 12.6% coverage) will hereafter be referred to as the "dense" dots, and was used in both the size and density conditions• The remaining two are referred to as "sparse" arrays, and were used in the density tasks as described below• The oriented array was constructed from the dense array as follows: 1 dot in every 4 (2 × 2 block of grid squares) was left in place; the remaining 3 were moved to form a line with this dot. Interdot spacing was 4 mm, giving an aspect ratio for the dot strings of 5.5:1. The percent coverage for the oriented arrays was also 12.6%.
Textures of 4 different dot sizes (subtending visual angles of 0.4, 0.8, 1.6 and 2.4 deg at 30 cm) were produced by enlarging or reducing the original dot arrays. By using the same base patterns, we were assured that textures with different element sizes would have the same percent coverage and hence the same global luminance. Stimuli for texture segmentation were constructed by adding central square regions of textures contrasting in element size, element density or element orientation (see Fig. 2 .4* / .8" :."-•i...; :. ii"
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along the boundary between the two textures, so that illusory contours arising from rows of cut dot edges could not provide an additional cue to image segmentation. The final stimuli were photoreproductions of the composite textures so as to eliminate raised borders between central square region and background regions. When positioned in the jumping stand and illuminated evenly from above, the mean luminance of the stimulus arrays ranged from 96 to 110 cd/m 2, depending on the element density.
Procedure--texture segmentation
A transfer of training paradigm similar to one used previously with adult cats (Wilkinson, 1986) was employed. This involved a sequence of tasks in which the positive stimulus was always a central square on a contrasting background. In successive stages, the central square contrasted in (1) luminance (LUM), (2) luminance and texture (L&T) and (3) texture alone (TEX). Thus, kittens were first trained to choose a black square on a white background (positive stimulus), with a solid white card serving as the negative stimulus. A learning criterion of 27/30 consecutive trials correct was used throughout this study. As soon as this criterion was achieved, a series of L&T tasks were introduced ( Fig. 1 : black square on texture, positive; homogeneous texture, negative), beginning with textures of the smallest dot size (0.4 deg) and gradually progressing to the largest dot size (2.4 deg). A large set of textures were used, such that the kittens were exposed to all sizes, densities and orientations to be used in later segmentation testing. This was followed by the critical phase of texture segmentation (TEX). In all phases of testing, kittens received one 40-trial session daily, 6 days per week.
In the TEX phase, each 40-trial daily session began with a 10-trial block of one of the L&T tasks used above, followed by three 10-trial blocks of pure texture problems. The L&T trials were included for the purpose of preventing the kittens from forgetting the basic task demand (i.e. to find an embedded square). These trials also allowed us to monitor the kittens' general performance level. The jumping stand performance of kittens can occasionally become erratic for no apparent reason; by making certain a high level of performance was maintained on this previously learned task we hoped to avoid contamination of our texture segmentation data by poor performance caused by factors unrelated to the texture tasks.
Five kittens were tested concurrently on 6 tasks: 2 based on element size, 2 on element density and 2 on element orientation. The order of these tasks was determined randomly; hence on average, a given task was presented once every 2 days. The number of correct trials was tabulated separately for each task; a task was considered completed when the criterion of 27/30 correct was reached, accumulated over successive 10-trial blocks. When a task of a particular type was completed, a new task of the same type (size, density and orientation) was substituted. The task sequences are presented in Table 1 . The sequence was the same for all kittens within a litter, but differed across litters. The remaining 2 kittens (CI and C2) were tested only on element size tasks (Table 1 ). These kittens were tested after the other 5, and stimulus values were carefully selected to complete the profile of size discriminations. Again, 6 tasks were run concurrently, and when a problem was completed a new size problem was substituted. Training continued until the kittens were between 110-130 days of age.
Procedure--dot detection control
In order to establish the visibility of the texture arrays to very young kittens, a separate control experiment was run in which kittens were trained to discriminate homogeneous texture fields from greys of matched or varying luminance. Two kittens from a single litter (D1 and D2) served as subjects. These kittens were given the same initial jumping stand pretraining as the kittens in the main experiment described above before beginning dot training. Viewing distance was carefully maintained at 30 cm throughout testing.
The homogeneous texture stimuli which served as negative stimuli in the texture segmentation conditions described above [Fig. l(b) ] were paired with solid grey stimuli (texture positive, grey negative). Four dot sizes (0.4, 0.8, 1.6 and 2.4 deg) and two densities (12.6 and 3.1% coverage) were used as positive stimuli. Four greys were selected such that two were matched in mean luminance to the dense and sparse textures, respectively. The remaining two were chosen such that one was lighter and the other, darker than either set of textures.
As in the conditions described previously, daily sessions consisted of four 10-trial blocks for a total of 40 trials.
Training was begun using the two 2.4 deg dot textures (2.4 deg dense and 2.4 deg sparse) and the two matching greys. Within each session, each texture was paired with each grey for one 10-trial block, with the texture always the positive stimulus. Thus, within a session, positive and negative stimuli were luminance matched for 20 trials, positive was of higher mean luminance for 10 trials and of lower mean luminance for the remaining 10. Moreover, since two texture densities were used, the absolute luminance of the positive stimulus was not constant.
Our criterion for learning to choose the texture and avoid grey was 36/40 correct for 2 consecutive days, with no less than 9/10 on any 10-trial block. Once this was achieved, the two more extreme greys were introduced as transfer tests. Following successful completion of this sequence with 2.4 deg dot textures, the sequence was repeated using 1.6, 0.8 and finally 0.4 deg dots.
While it would have been preferable to measure these thresholds in the same kittens that were to be tested on the segmentation tasks, this was not feasible. Had both tasks been carried out using the operant jumping stand procedure, the positive stimulus in the detection task (solid texture) would have become the negative stimulus in the segmentation task. This would almost certainly have produced intertask interference, which would have prevented an accurate assessment of the minimum amount of training required to learn the segmentation task. In a previous study (Wilkinson, 1995) , we used preferential looking to assess detection thresholds prior to segmentation testing in a within-subject design. However, while that approach was successful for oriented stimuli, we found that kittens showed little spontanaeous interest in randomly arrayed dots. Since failure to show a preference in this paradigm, which does not depend on reinforcement contingencies, is not necessarily indicative of a failure to detect the stimuli, preferential looking did not provide a feasible alternative in the present situation.
RESULTS
Dot detection control
The 2 kittens (D1 and D2) completed pretraining and began discrimination training on the dot detection task at 42 days of age. The kittens reached criterion on the 2.4 deg dot task within 3 sessions. When the more extreme greys were introduced, both kittens continued to choose the texture on 100% of trials. Both kittens showed perfect transfer to textures composed of successively smaller dots, making one and two errors respectively in the entire test sequence. They completed the final tests with the 0.4 deg dot textures at 53 days of age.
The fact that both the absolute luminance of the positive stimulus and the relative luminance of positive and negative stimuli varied within a session rules out any possibility that the task was performed based on differences in mean luminance between positive and negative stimuli, and thus provides strong evidence that it was the presence of visual structure in the texture stimuli that served as the basis for the discrimination. Thus, we can confidently assume that by the time the kittens in the texture segmentation experiment solved their first problems (see below), each of the component textures presented visible visual structure. In other words, in none of the texture segmentation tasks discussed below were the kittens distinguishing an effectively grey target from a textured background or vice versa. Of course, this does not imply that textures of difference spatial scales were equally salient to young kittens; merely that they were all visible.
Segmentation training (a) L UM and L& T.
The data (trials to criterion) for the first two stages of testing for Litters A, B and C are presented in Table 2 , along with the age at which criterion was reached. The age at criterion was taken to be the age on the day of the first trial block contributing to the 30 criterion trials. Of the 7 kittens, 6 completed the LUM task without difficulty, reaching criterion performance in a mean of 141 trials (range 50-210), and at an average age of 45.8 days. The seventh kitten (A2) required 880 trials to achieve criterion (66 days of age). There was no obvious explanation for this kitten's early poor performance; however, once criterion was achieved, she showed perfect transfer through the next stage of the study and none of the behavioural problems (e.g. hyperexcitability) which typically lead to unreliable jumping stand performance. Therefore, she was continued in the study.
When transferred to the L&T (black target square on textured background) tasks, 6 kittens showed > 90% correct performance on the first 40-trial session, and maintained this level of performance as element size was increased. The remaining kitten (C2) required 60 training trials with the 0.4 deg dot texture to regain criterion (90% correct) performance, and showed excellent transfer thereafter to the larger dot sizes. These results are summarized in Table 2 .
(
b) Retest trials (L&T). During the final stage of testing
(texture segmentation; see below), every session was begun with a 10-trial block of L&T. As described earlier, this was done in order to prevent the kittens from forgetting the basic task demand (i.e. to find a square) and to permit us to monitor the kitten's general performance level. Ifa kitten scored < 9/10 on this preliminary 10-trial block, training was continued with the black target square until this 90% criterion was reestablished. In fact, in the entire texture segmentation portion of the study, which consisted of on average 45 test sessions, 3 kittens never failed to maintain criterion performance on the daily retest trials and 3 kittens scored < 9 on only 1-2 sessions. The remaining kitten (A2) scored < 9 on 12 sessions; this is the same kitten that had considerable difficulty acquiring the original LUM problem. Nevertheless, she always regained criterion and, as will be seen below, her performance was comparable to that of the other kittens on the TEX tasks. Thus, we feel confident that the texture segmentation data reported below are not contaminated either by motivational problems or by failure to retain the basic target detection task.
Texture segmentation
For clarity, the results for texture segmentation based on differences in element density, orientation and size are presented sequentially. However, it must be emphasized that all 3 classes of task were being learned concurrently by kittens in Litters A and B. (Litter C were given only size-based problems).
Results for all 3 segmentation cues are presented graphically using the same format. In Figs 3, 4 and 6, each filled bar represents the age period over which an individual kitten was tested on a particular segmentation task. The grey-scale area within the bar indicates performance level over 50-trial blocks (see legend for details) with the black portion at the right-hand end of a bar representing the period over which the 30 criterion trials were given. Age on the first day of this criterion period is taken as the age at which the kitten is capable of performing the task (age at criterion). This convention is important to note as it could take as many as 7 days (including 1 non-test day) to accumulate the necessary 30 trials. It is also important to note that the length of a bar is not precisely correlated with the number of trials to criterion because of the random interleaving of tasks and the inclusion of non-test days. The number of trials to criterion (TTC) for each kitten and task may be found in the figure legends.
Data from all the density and orientation tasks successfully completed are included in Figs 3 and 4, respectively. As there were many more combinations of element sizes (see Table 1 ), representative examples are presented in Fig. 6 . The complete data set for element size is summarized in Table 2 .
(a) Texture segmentation: dot density. Five kittens were tested on density tasks, Litter A with the smaller density difference (5.6 vs 12.6% coverage) and Litter B with the larger density difference (3.1 vs 12.6% coverage). The results for these two groups of kittens are illustrated in Where only one size is given, it applies to the elements of both figure and ground.
square formed by the sparse array (0.8 deg S/D). For Litter B, the first 2 tasks were 0.8 deg D/S and 1.6 deg S/D. As illustrated in Fig. 3(b) , the 3 kittens (B1, B2 and B3) tested on the larger density differences were able to solve their first density task (0.8 deg D/S in each case) between 57-65 days of age, and all kittens had solved the tasks with 0.4, 0.8 and 1.6 deg dots by 80 days of age. The same kittens were also tested with 2.4 deg D/S beginning at a mean age of 82 days (not shown). None of the 3 kittens had reached criterion by 110 days of age when training was discontinued, although 2 of the 3 had achieved > 80% performance by that age.
Neither of the 2 kittens tested with the smaller density difference (5.6 vs 12.6%) reached criterion on their first 2 density tasks until 87-94 days of age [upper two panels Fig. 3(a) ]. This was true even though kitten A1 had begun testing 17 days earlier than kitten A2 (day 56 vs 73) and had accumulated nearly twice as many training trials by the time 90% performance was attained. It is also important to note that the dot sizes were the same as those used with Litter B described above; only the density of the sparse arrays differed. Kitten A1 went on to show immediate criterion performance on a density task with 1.6 deg dots (1.6 deg S/D). Furthermore, as will be seen below, kitten A1 was successful on some of the other texture tasks learned concurrently as early as 64 days of age, more than 20 days before her first success on density. This suggests that age may be a critical factor in determining when a particular textural cue can be utilized. It also argues against litter differences in general learning ability as an explanation for the later solution of density tasks by Litter A, since the performance difference was limited to this single cue.
In summary, four points may be made about the development of texture segmentation based on element density. Firstly, the difference in densities between the pair of textures is critical in determining the age at which this task is first acquired, with more difficult density discriminations being achieved later. Secondly, provided the density difference is great enough, kittens are able to solve some density problems before 60 days of age and with very little training. Thirdly, there is some suggestion that dot size is a factor, as kittens in Litter B showed later acquisition with larger dot sizes and all kittens failed to reach criterion on density tasks based on 2.4 deg dots. Finally, success on these tasks appears to be more closely linked to age than to amount of training.
(b) Texture segmentation: element orientation. Five kittens were tested on texture segmentation based on local element orientation. The results for these tasks may be found in Fig. 4 . The initial tasks chosen for all kittens used 0.8 and 1.6 deg dots to optimize the probability of early success, since the 0.4 deg dots were likely to be close to acuity threshold. Stimuli composed of 2.4 deg dots were not used because they contained very few oriented elements within the central square. All 5 kittens were trained on 0. FIGURE 3. Data for individual kittens for segmentation tasks based on element density. In each case, the filled bar represents the age period over which a kitten was tested on a particular problem. As shown in the legend, the bar-fills represent minimum mean performance levels over blocks of 50 trials, e.g. 50% represents performance between 5(~59% correct. The age at the beginning of the black (90%) portion of the bar is taken as the age at which the problem was solved. H/non-oriented task [ Fig. 2(d) ], In this case, the elements in the central square were horizontally oriented 4-dot strings; the background texture was the same dense random texture used in the density tasks, with no predominant orientation. This task was included to see whether the recognition of the presence of a dominant orientation per se might be easier than a discrimination based on an orientation difference. However, it should be noted that the rearrangement of the dots to form oriented strings also introduced larger white areas between the dot strings than occurred in the non-oriented arrays [see Fig. 2(c) ], which might provide an independent cue to figure-ground segmentation in this case.
As can be seen in Fig. 4 (upper 3 panels) , no kitten solved a true orientation task (V/H; H/V) before 91 days of age. Of the 5 kittens, 4 solved 1 or more of these tasks between 91-110 days of age. The fifth kitten (Al--not shown) never succeeded in meeting the 90% criterion on either orientation task, although his performance did exceed 80% correct on both tasks at 95 100 days of age before falling back to the 70% level.
Three kittens (A2, B1 and B3) were given immediate figure-ground reversal testing on one of the orientation tasks by rotating the stimuli 90 deg. All performed at > 85% correct immediately. Introduction of a new dot size (0.4 deg) at 100 days produced criterion performance after a maximum of 30 trials in the 3 kittens tested on this problem (Fig. 4, top panel) .
The oriented vs random (H/Non-O) task was solved somewhat more rapidly by 2 of the 3 kittens trained on it: age at criterion ranged from 75-90 days (Fig. 4 , lower panel). The same 2 kittens showed immediate 90% performance when the orientation of the dot strings making up the target square was rotated from horizontal to vertical. The third kitten performed at 80% on this reversal. Following completion of all dot-based tasks, 3 of these kittens were also tested on an orientation-based texture segmentation task with stimuli composed of regularly arrayed solid elements which we have used in previous studies (see Fig. 5 ). Of the 3 kittens, 2 showed immediate transfer to this task, performing at > 90% correct on their initial 30 trials (age 111-115 days). The third required 2 training sessions to reach criterion performance.
Thus, in summary, five points emerge from the data on orientation-based texture segmentation. Firstly, kittens are able to respond reliably to the difference between oriented and non-oriented elements at a slightly earlier age and/or in slightly fewer training trials than to a true orientation difference. Secondly, the appearance of true orientation-based texture segmentation occurs after 90 days of age and appears uncorrelated with amount of training received. Thirdly, performance is never at chance levels on these tasks during training, but improves steadily from an initial level of between 55-70% correct (see bar-fills, Fig. 4) . Fourthly, when orientation-based segmentation does appear, kittens are able to perform the task across at least a 2 octave difference in dot size (0.4-1.6 deg). Finally, the kittens could not have based their discrimination on the absolute orientation of the local elements in the target vs the surround, since they were able to learn 2 tasks concurrently with orthogonal target orientations and/or were able to show immediate figure-ground reversal within a particular task. It must also be emphasized again that all 5 of these kittens were successfully performing texture segmentation tasks based on element size and/or density well before the 90-day onset of orientation-based segmentation.
(c) Texture segmentation: element size. Seven kittens (Litters A, B and C) were tested on the size problems. Litters A and B were trained on 2 size problems at a time along with 2 density and 2 orientation problems as described above (see Table 1 ). Because a number of questions concerning size comparisons remained unresolved, the remaining 2 kittens (Litter C) received only size problems, and were tested concurrently on 6 different exemplars. In total there are 12 possible figure-ground "Upper panel---tasks in which target dots are larger (L) than background dots; lower panel--target dots smaller (S) than background dots. For each task, ages are given for the 2 kittens in each condition that began testing earliest and the 2 that attained criterion performance earliest. The mean number of TTC and range are given separately for kittens beginning each task before 60 days of age and those beginning after 60 days. ?Cases in which the kittens reaching criterion earliest are not the kittens that began testing earliest.
combinations of the 4 element sizes: 6 in which the larger elements form the embedded target square; and 6 in which the larger elements form the background. All have been tested with some kittens; 8 of the 12 were presented to at least 2 kittens prior to 60 days of age.
The results for the size tasks are presented in Table 3 : the 6 tasks in which the dots forming the target square are larger than the background dots are presented in the upper half of the table, and the remaining 6 (target dots smaller than background dots) in the lower half. The problems are listed in decreasing order of dot size difference (2.6-0.6 octaves). The results for the tasks marked by (*, **) in the first column are also illustrated in Figs 6(a) and 6(b), respectively, using the same conventions as in the previous figures. Onset ages for the youngest 2 kittens tested on each problem are listed in Table 3 . Since we wish to compare acquisition rates (trials to criterion, TTC) for the same tasks introduced at early and later ages, the results for each task are presented separately in the table for kittens that began training before 60 days of age vs after 60 days of age.
Large Dot Target/Small Dot Background
As may be seen in Table 3 (upper half), 4 of these 6 tasks were introduced before 60 days of age. Three (2.4/0.4, 2.4/0.8 and 1.6/'0.8 deg) were solved by 1 or more of the kittens before 60 days. The data for one of these is shown in Fig. 6(a) (1.6/0.8 deg--middle panel). In this case, the 3 kittens tested prior to 60 days reached criterion at 57, 64 and 65 days of age, requiring on average 47 training trials. In contrast, the fourth problem [2.4/1.6 deg; Fig. 6(a) , top panel] was not solved by any kitten until 76 days of age. This problem, which had a dot size difference of only 0.6 octaves [see Fig. 2(f) ], was performed at criterion level immediately by 3 kittens trained after 60 days; the fourth required 80 trials of training, and a fifth kitten (A1, not shown) tested on this task from 109 days failed to reach 90% before training was discontinued at 137 days. This was the only 1 of the 6 tasks that presented any difficulty to the kittens beyond 60 days of age. On the other 5, when training was begun after 60 days of age, criterion performance occurred in 30 trials or less in all cases [see Table 3 and lower 2 panels of Fig. 6(a) ].
Small Dot Target~Large Dot Background
Four of the 6 tasks in which the smaller dots form the target square were also introduced before 60 days of age [see Table 3 , lower half, and Fig. 6(b) ]. Two of these [0.4/1.6 and 0.4/0.8 deg-- Fig. 6(b) , bottom panel] were solved by at least 1 kitten before 60 days of age. The other 2 (0.8/1.6 and 1.6/2.4 deg-- Fig. 6(b) , upper 2 panels) were not solved until 76 and 106 days, respectively. In the case of 0.8/1.6 deg, 5 kittens began this task before 60 days of age; their mean age at criterion was 90 days. Overall, the problems in which the smaller dots formed the central target region seemed to be somewhat more difficult than their figure-ground reversals, even when training was not begun until well after 60 days age. There were exceptions, however, as may be seen by comparing the TTC for corresponding problems in the upper and lower panels of Table 3 .
Control Test
While it is clear from these findings that kittens are able to solve many size-based texture segmentation tasks at a very young age, one question which did concern us was whether the kittens were actually performing the task based on the detection of a boundary between textured regions. Another possibility is that they were simply distinguishing between arrays which contained two dot sizes and those containing a single dot size, provided the difference between dot sizes was sufficiently large. In order to evaluate this possibility, the following control task was was presented to kittens following the successful completion of some of the size tasks. The kittens were given a 30-trial block in which the positive stimulus was paired with a new negative stimulus, in which the same number of large dots as composed the target on the positive stimulus were distributed at random on the negative stimulus (Fig. 7) replacing the appropriate number of small dots to assure that equivalent percent coverage and global luminance were maintained. During this control test, the original positive stimulus was rewarded. The rationale for this decision was that if the number of element sizes present had been the critical cue, performance should fall to chance on the control task, at least initially, regardless of reinforcement contingencies. Based on our previous studies of pattern vision in kittens, we considered it unlikely that they would be able to relearn the task on the basis of a new cue within 30 trials, even if such a cue were available to them. The alternative procedure of omitting reinforcement on all trials or randomly reinforcing choices of the two stimuli carried the risk of disrupting performance on all tasks, as kittens are quite sensitive to abrupt changes in reinforcement contingencies on problems on which they have been consistently rewarded. We wished to minimize the risk of disrupting the entire set of concurrently presented tasks.
This control test was developed as the training of Litter B was nearing completion and therefore was given to Litter B following the completion of the main set of concurrent tasks (125 days of age). Analogous control tests were given to Litter C kittens as soon as they reached criterion on each of the following tasks: 2.4/0.8, 1.6/0.8 and 2.4/1.6 deg. In the latter case, ongoing training on the concurrent set was discontinued for 1 day for each of these control tests. Table 3 for further details of performance on size tasks. The outcome of these control tests was clear. The Litter B kittens all performed at > 90% correct on both the 1.6/0.8 and 2.4/0.8 deg versions of the control test. More significantly, both kittens in Litter C showed 90% performance immediately on 2.4/0.8 deg (at 53 and 58 days of age) and on 1.6/0.8 deg (60 and 71 days of age). This strongly suggests that for these tasks, performance on the original discrimination had not been based on the simple presence of two dot sizes. Kittens did not show immediate transfer on the 2.4/1.6 deg task, introduced at 108 and 116 days; however, this task had posed difficulties for the kittens during training and so this is not surprising. The possible source of this difficulty is considered later in the general discussion.
Thus, to summarize, four points may be made about the development of texture segmentation based on differences in element size. Firstly, size-based discriminations can be mastered very early, as early as 46 days of age in one instance. Every kitten tested on size tasks before 60 days of age (N = 6) reached criterion on at least 1 task by 65 days of age. Secondly, tasks successfully completed at this early age included cases in which the dots making up the target square were both larger (e.g. 1.6/0.8 deg) and smaller (e.g. 0.4/0.8 deg) than the background dots, ruling out the possibility that the dots in the central square were treated simply as instances of original black square target. Thirdly, even at this early age, performance of the task was not based simply on the detection of the presence of two dot sizes vs a single size. Fourthly, as the size difference between dots decreased and as the absolute size of the dots increased, kittens had greater difficulty solving the tasks. Most kittens did not reach criterion until 90-100 days of age on 0.8/1.6, 1.6/2.4 and 2.4/1.6 deg. The case of 0.8/1.6 deg is particularly interesting, since 3 other tasks in which the element size difference is l octave (1.6/0.8, 0.8/0.4 and 0.4/0.8 deg) were solved considerably earlier, including most notably the figure-ground reversal of this task. Finally, as was the case for both density and orientation tasks, age rather than amount of training appears to be the most critical factor in determining when kittens will reach criterion performance on these problems. Tasks which had required extensive training when introduced early were solved very rapidly if introduced after 90 days of age (see Table 3 ).
DISCUSSION
Most recent theoretical analyses of texture segmentation have been driven by a desire to bring the numerous empirical examples of rapid preattentive detection of texture boundaries under one umbrella explanation (e.g. Fogel & Sagi, 1989; Malik & Perona, 1990) . One strong piece of evidence in support of a unitary mechanism would be a single developmental function for all classes of segmentation task, or functions which could be reconciled by taking into account some constraining factor such as improving visual acuity. However, the present results provide strong evidence against a single texture segmentation process. The patterns of development of texture segmentation based on different classes of cue are quite distinct. Segregation based on element size or density differences appears at a range of ages which is determined by the specific stimulus parameters. In some instances, this may be as early as 45-50 days; in others, it is as late as 80-100 days. To the contrary, in the case of orientation, the onset is remarkably similar across a range of stimulus sizes for the randomly arrayed dot strings used here, and also compares closely to that reported in our previous work using regularly arrayed line elements (Wilkinson & Crotogino, 1995) . In all of this work, orthogonal orientations were used. While it is possible that onset age would differ with smaller orientation differences, the effect, if any, would most likely be to increase the onset age. This finding, that not all of texture segmentation development conforms to a single pattern, is congruent with Nothdurft's human psychophysical results showing that orientation-based and non-oriented texture segmentation are affected differently by masking (Nothdurft, 1991a) and by luminance and contrast variation (Nothdurft, 1990a) .
Before considering the possible explanations for the results with each texture cue separately, two general points must be emphasized, answering issues raised in the Introduction. The first is the distinction between age and amount of training. It is very clear from comparisons across animals and conditions in the present experiment that developmental stage is the principal factor determining the appearance of a particular instance of texture segmentation in kittens. This may be seen clearly in the performance of kitten A2 on the 0.8/1.6 deg size problem [ Fig. 6(b) , middle panel]. Whereas kittens tested from an early age required as many as 250 training trials, kitten A2 acquired the task after a single session when it was introduced at day 94. Similarly, one can see [ Fig. 3(b) ] that kittens A1 and 2 reached criterion at nearly the same age on 2 density problems, although training had begun almost 20 days earlier for A1 than for A2. The second point concerns the possible contribution of "easy" to "difficult" tasks, easy and difficult being defined rather circularly as tasks acquired early and later, respectively. While concurrent experience on tasks that were rapidly solved may have contributed slightly to acquisition of the later appearing tasks, this contribution did little to reduce the age at which criterion performance was first achieved. For example, kittens C1 and C2 required training beyond 100 days of age to solve the more difficult size tasks [upper panels, Figs 6(a) and 6(b)], even though they had already successfully solved several other size tasks quite early on [ Fig. 6(a) , middle panel; Fig. 6(b) bottom panel] and solved the 0.8/0.4 deg task immediately when it was introduced at 75-78 days [ Fig. 6(a), bottom  panel] . No kitten acquired an orientation-based task before 91 days of age despite the fact that every one of these kittens had solved size-or density-based tasks 30 days earlier.
The only beneficial effect on the more difficult tasks may have been to support performance at levels above chance during the acquisition period. For example, kittens trained on orientation tasks in the present study did show above-chance performance throughout most of the training period (bar-fills in Fig. 4) , whereas in our earlier study (Wilkinson & Crotogino, 1995) , performance between 50-80 days of age remained at chance or near-chance levels throughout the 500 training trials those animals received. The current finding of gradual improvement suggests that the mechanisms supporting the use of orientation differences in texture segmentation are developing gradually, improving in the selectivity or the accuracy of their performance with age. Concurrent success on other texture tasks may help to maintain the kitten's interest during this developmental period.
Dot size
Textural differences based on element size provided the earliest evidence of texture segmentation in the present study (see Table 4 ), with 7 instances of such problems being solved by kittens younger than 60 days of age. However, not all size differences were detectable in this context equally early, even in cases where the relative size differences were of the same magnitude (e.g. 1 octave apart). Moreover, we also found evidence of asymmetry in terms of age at criterion for the same texture pairs depending on which member of the pair formed the figure, and which the ground. The range of ages at which the different size pairings became discriminable covered the period from 46 days to over 100 days, based on the earliest instance of criterion performance (Table 3) .
The fact that, for size differences, age at criterion performance varies over different element combinations suggests that the critical developmental variable may be linked to the initial coding of the texture patterns rather than to the texture segmentation process itself. Changes in the bandpass characteristics of single neurons, which occur with age at all levels of the visual system, might account for these findings. At the level of striate cortex, Derrington and Fuchs (1981) have reported that cortical neurons are adult-like in terms of narrowness of spatial frequency tuning curves by 6 weeks of age. The major change seen beyond this age was an increase in the optimal spatial frequencies for driving individual neurons, corresponding to the improving acuity of the animals. Thus, it does not seem probable that immaturity in cortical spatial frequency tuning can account for the range of onset ages seen for the element size tasks, especially in view of the fact that the tasks which were mastered latest involved comparisons between the larger dot sizes. Interestingly, the developmental pattern is somewhat different in the lateral geniculate nucleus (LGN). Marked changes in LGN receptive field organization continue to occur over a much more extended period of time. The hallmark property of LGN neurons, compared to retinal ganglion cells, is their markedly stronger surround antagonism (Hubel & Wiesel, 1961; Hammond, 1973) . This has the effect of limiting their low frequency transmission. There is evidence that this property, as well as their high frequency cutoff, is altered with increasing age up to some point between 10-16 weeks of age (Ikeda & Tremain, 1978) . These functional changes may reflect developmental changes in GABA-mediated inhibition, the appearance of which has been reported to occur later in LGN than in striate cortex in the kitten (Berardi & Morrone, 1984) .
This raises the possibility that the representations of dots of different sizes are not well differentiated as their encoding is transformed at the LGN level. The most difficult dot comparisons were those which involved both the smallest relative size difference (0.6 octaves) and the two largest dot sizes (2.4 and 1.6 deg). In the absence of surround inhibition, the difference in representation of these stimuli by neurons with larger receptive field centres (i.e. matching the sizes of individual dots) might be severely diminished. This problem would have been compounded by the fact that the number of elements available for coding in the target square declined as their size increased, reaching as few as 9 for the 2.4 deg dots [ Fig. 2(f) ]. While neurons tuned to higher spatial frequencies would also be expected to respond to the edges of the large dots (Nothdurft, 1990b) , the extraction of dot size from this higher spatial frequency information presumably requires more complex processing. Thus, it may be the immaturity of the LGN that is reflected in our results for element size. Since non-oriented stimuli like our dots are not optimal stimuli for driving neurons in cat visual cortex (Hubel & Wiesel, 1962) , even in adults, cortical responses to the different dot sizes may not have been sufficiently different to support discrimination in spite of the contribution of intracortical mechanisms to the spatial frequency tuning of cortical neurons (Sillito, 1975) . The thalamic input may simply have been too inadequately differentiated.
A final point of interest concerning the size tasks is the asymmetry in performance which occurred as a function of whether the larger dots formed the target or surround. There was a tendency (see Table 3 ) for the latter set of tasks to be acquired more slowly than the former, although this was not true in all cases. One possible explanation would be that dot salience increases with size and thus when the larger dots occur in both positive and negative stimuli, the kittens are more liable to make errors of an impulsive type (i.e. failure to inhibit responding). Asymmetries in human texture segmentation have recently been examined by Rubenstein and Sagi (1990) , who postulate that the decreased signal-to-noise ratio arising from spurious signals in the background textures may be the explanation.
Dot densiO,
Since the density-based tasks entail a global luminance difference between target and background, one might have expected a priori that density differences would be the earliest cue available for texture segmentation. Indeed density-based segmentation did appear very early (57-65 days) and after very little training in some instances (Table 4) . However, both the magnitude of the density difference between figure and ground, and the size of the elements making up the textures were found to play a significant role in determining how early criterion performance could be achieved (see Fig. 3 ).
Consider two dot texture arrays differing in density, such as the figure and ground of Fig. 2(a) . A gradient in the neural representation of the textures will appear at several different spatial scales [assuming bandpass filtering of the type usually incorporated as a front-end mechanism in texture models (e.g. Malik & Perona, 1990) ]. At one extreme, the scale of the individual dots, there will be a change at the texture border in terms of the number of elements coding dots over regions of equal area. A similar although weaker difference in neural response density would occur at some larger spatial scales, but acting in the opposite direction. Dots surrounded by large regions of white background would provide weak stimulation of units with larger receptive fields, whereas the more densely packed dots would be far less effective due to their appearance in the surround as well as the receptive field centre. Such an effect is clear in the LGN data of Nothdurft (1990b) . Finally, at a very coarse spatial scale, neurons with antagonistic receptive field organization (oriented or concentric) would be activated at the texture boundary provided the global luminance difference between texture regions exceeds the contrast sensitivity threshold of the mechanism in question. Such responses have been found to high density texture borders in both striate cortex, and at the LGN level by Nothdurft (Nothdurft & Li, 1984 , 1985 Nothdurft, 1990b) . Thus, the texture boundary would be directly coded at coarser spatial scales as a luminance contrast response, and furthermore, gradients of activity at finer spatial scales would also contain the necessary information to locate the boundary. However, in these latter cases, a higher-order mechanism would be needed to encode/localize this pattern contrast. Presumably, gradient detection at each of these scales would be limited by the "contrast sensitivity" threshold of the gradient detecting mechanism involved, in the former case for luminance contrast and in the latter cases for pattern contrast.
Can developmental changes in contrast sensitivity for luminance contrast alone account for our kittens' performance? Unfortunately, data on the development of kitten contrast sensitivity are sparse and not in complete agreement. In their study of the responses of single striate neurons to luminance contrast, Derrington and Fuchs (1981) reported that the contrast sensitivity of neurons tuned to low spatial frequencies reaches adult level by 5-6 weeks of age. However, Fiorentini, Pirchio and Spinelli (1983) have presented evidence from visual evoked potentials (VEP) of a gradual improvement in the contrast sensitivity function over the first 12 weeks of life, which encompassed both increased sensitivity at low spatial frequencies and expansion of the range of higher frequencies detected.
For our stimuli composed of small dots, mechanisms detecting luminance contrast and tuned to very low spatial frequencies may provide a basis for boundary detection even in very young kittens. When individual dot size and spacing are small relative to the area of the target square and to the lowest spatial frequencies passed by the kitten visual system, the response would be quite similar in all border regions. However, as dot size increases and the number of dots per unit area decreases, these responses would become more variable, due to the random distribution of the dots, and hence a less reliable indicator. This might explain the later onset and increasing difficulty experienced by kittens as the dot size increased [see Fig. 4(a) ].
The smaller density difference (5.6 vs 12.6% coverage) was not a sufficient stimulus to support discrimination until > 85 days, even for very small dot sizes. The difference in global luminance at the texture boundary was quite small, providing a luminance contrast of approximately 5% [contrast defined as (L ...... -Lmi.) /Lmin]. Moreover, in a jumping stand setup, it is very difficult to maintain absolutely constant luminance conditions. Thus, it is possible that the luminance difference between target and ground may have been masked on some trials by uncontrolled luminance fluctuations in the experimental setup (e.g. shadows cast by kittens if they leaned out too far over the stimuli). The late appearance ( > 85 days) of segmentation for all density tasks involving the smaller density difference may reflect the increasing sensitivity to luminance contrast described by Fiorentini et al. (1983) up to 12 weeks of age. On the other hand, it is possible that under these near threshold conditions, some combination of luminance and pattern contrast (i.e. finer scale) information was necessary. In principle, the relative contribution of luminance contrast and pattern contrast to density-based texture segmentation could be examined experimentally by altering the luminance of individual texture elements in order to equate global luminance on both sides of the texture boundary. This would require a mode of stimulus presentation in which luminance could be varied on a point-by-point basis and thus was not feasible in our present experimental setup using hardcopy stimuli.
Orientation
The present results confirm and extend our earlier findings on orientation-based texture segmentation. In our previous report (Wilkinson & Crotogino, 1995) , 83 days marked the lower limit for criterion performance on this class of problem; kittens tested prior to this age failed to reach this performance level even though they received 500 training trials over the period between 50-80 days of age. In the present case, criterion performance on this class of problem was first seen at 91 days (Table 4 ). However, due to the interleaved training procedure, the kittens had received many fewer training trials on an individual orientation task (70-240) over the same age period, which provides strong support for the contention that it is age, and not amount of training, which is the primary determinant of when this skill will appear. This is further supported by the observation that the 0.4 deg task was acquired by 3 kittens in under 30 trials when training was initiated after 100 days of age [ Fig. 4(a), top panel] . Thus, once the ability to solve this class of task appears, kittens can solve similar tasks over at least a 2 octave range of element sizes. The difference of a few days in age at criterion between this and our previous study could represent intersubject variability, or it could indicate that some minimum amount of training is required on the first orientation task which had not been met until 90 days due to the interleaving of several tasks.
It was interesting to observe that kittens were able to detect the oriented texture against the random background (Fig. 4, lower panel) earlier than against an orthogonally-oriented background. One possible explanation is that oriented line elements, per se, are a highly salient stimulus for young kittens, even though orientation differences are not coded in a way that permits preattentive boundary extraction. This would be consistent with our findings in an earlier preferential looking study (Wilkinson, 1995) that kittens show a much stronger preference for line elements over a homogeneous grey field than they do for random dot arrays in a similar comparison. However, as mentioned earlier, it is also possible is that it is not orientation that the kittens are responding to in this task; rather that due to the grouping of the dots, the oriented texture contains larger expanses of solid white background than the random array [see Fig. 2(d) ] and it is to these white "blobs" that the kittens are responding in this case. In the true orientation tasks, these white blobs occur equally frequently in target and background, and thus would not provide a cue for discrimination.
The finding of late onset for texture segmentation based on orientation differences is in agreement with recent studies in human infants (Atkinson & Braddick, 1992; Sireteanu & Rieth, 1992) . Both studies examined texture segmentation in a preferential looking paradigm and both found much later appearance of segmentation for textures differing only in local element orientation than for textures containing a global luminance cue. Although there was considerable discrepancy between these reports as to the critical age, Rieth and Sireteanu (1994a, b) have recently obtained evidence, using different techniques, of onsets (3-5 months) much more similar to those reported by Atkinson & Braddick (1992) . However, even these lower estimates place this task among the latest of all visual functions studied to date in infants. The same is true of the current findings in kittens.
In both species there is ample evidence that the limiting factor is not the capacity of the visual system to code orientation information or to support orientation discrimination. Evoked potential studies of human infants using a task in which signals time-locked to orientation shifts in the stimulus are detected in the evoked potential, indicate that orientation "discrimination" in this sense is quite acute by 3 months of age (Manny, 1992) . Differences as small as 1.3 deg were detectable. Behavioural studies have not examined fine orientation discrimination in infants; however, there is considerable behavioural evidence from dishabituation studies (Maurer & Martello, 1980; Atkinson, Hood, Wattam-Bell, Anker & Trickleback, 1988; Slater, Morison & Somers, 1988 ) that orthogonal orientations can be discriminated as early as 6 weeks and, under certain conditions, even by newborns.
In the kitten, electrophysiological evidence from single unit recording studies (Hubel & Wiesel, 1963; Blakemore & Van Sluyters, 1975; Buisseret & Imbert, 1976; Bonds, 1979; Albus & Wolf, 1984; Braastad & Heggelund, 1985) has indicated the presence of crude orientation tuning in some striate cortical neurons as early as 6-10 days of age (as soon as the eyes open). Adult-like orientation tuning, in terms of both the percentage of neurons showing orientation selectivity and the bandpass characteristics of these cells, has been reported by 5 6 weeks of age by Bonds (1979) . Furthermore, kittens are able to use orientation information as the basis for discrimination in a two-alternative forced-choice task with very low spatial frequency gratings before 40 days of age (Wilkinson & Dodwell, 1980) , and by 55 days with gratings of bar widths comparable to the width of the dot strings used here (Wilkinson & Crotogino, 1995) . Thus, in neither the kitten nor the human infant can poor performance on orientation-based texture segmentation be attributed to a global inability to encode orientation information or to use it to direct behaviour.
In orientation discrimination tasks of the type just discussed, absolute orientation must be recognized and responded to by the animal or human subject. However, in the case of segmentation, only the presence of a change in orientation need be detected to solve the task, and Nothdurft (199 lb, 1992) has argued convincingly that, in fact, it is this orientation gradient (local change in orientation) rather than absolute orientation which underlies preattentive orientation-based texture segmentation. The mechanism he proposes to extract boundaries of the sort characterizing our stimuli involves local orientation comparisons leading to a representation of the degree of orientation change present at each location across the image. Boundaries would be recognized at points of maximum change in the gradient. As noted above, our kittens were also clearly responding to the presence of orientation contrast, and not to the absolute orientation of texture elements. Thus one possible explanation for the present results is that it is this orientation-differencing mechanism which does not reach developmental maturity until at least 90 days of age.
Neurons with properties which might contribute to this process have been described in primate visual cortex by Van Essen and his colleagues (Van Essen, DeYoe, Olavarria, Knierim, Sagi, Fox & Julesz, 1989; Knierim & Van Essen, 1992) . In comparison to their response to a single line element lying in their receptive field centre, these neurons showed marked response suppression when line elements of similar orientation also lay in the receptive field surround. Response to surround elements of orthogonal orientation was intermediate in strength. Such neurons would respond more strongly to texture elements at the border between regions of orthogonal element orientations or at the border between a textured region and a homogeneous portion of the field than to an element lying within a textured region composed of like-oriented elements. Neurons affected by orientationspecific long-range interactions have also been described in the cat (Gilbert & Wiesel, 1989 . Such receptive field organization is likely to involve long-range inhibitory interactions within the striate cortex. The limited available data indicates that symmetric (i.e. presumed inhibitory) synapses increase in number until at least 100 days of age in the kitten (Winfield, 1981) , which would be consistent with a gradual late development of this function. Wilson (1988) has recently proposed that late developing intracortical inhibition may underlie the developmental improvement in stereoacuity and vernier acuity. In the kitten, both of these functions depend on the integrity of striate cortex, and show a late onset and very rapid improvement reaching adult levels over the period from 70 to 90 days of age (Timney, 1981; Belleville & Wilkinson, 1990) , i.e. the period over which orientation-based texture segmentation appears for the first time.
The idea that orientation-based texture segmentation might involve unique neural mechanisms not involved in texture segmentation based on other cues has recently received strong support from a lesion study in cats (De Weerd, Sprague, Vandenbussche & Orban, 1994) . Cats with cortical ablations encompassing cortical areas 17 and 18 ("tier I" cortical areas) showed a profound postoperative impairment only on segmentation tasks based on element orientation differences, but were unimpaired on a task involving dots and annuli. More lateral ("tier II") ablations, including areas 19, 20, 21, 7 and the lateral suprasylvian areas, but sparing tier I, produced a non-selective deficit affecting all texture segmentation tasks.
Higher-order mechan&ms
Presumably under a scheme such as Nothdurfl's, the actual integration of information along texture boundaries and the identification of boundary orientation would involve a higher-order operation, possibly filtering by an orientation-tuned mechanism which takes as its inputs the outputs of the postulated orientation differencing units. Similar higher-order filters have been incorporated into a variety of other models of texture segmentation (Fogel & Sagi, 1989; Malik & Perona, 1990; Landy & Bergen, 1991; Wilson & Richards, 1992) . Most of these models were developed as general purpose mechanisms aimed at encompassing the wide range of texture arrays which have been found to support segmentation in psychophysical studies, including but by no means limited to oriented line segments. Therefore, these models do not include the stage of orientation differencing postulated by Nothdurft (1991b Nothdurft ( , 1992 . Whether this higher level of analysis is carried out separately for different classes of local texture cue (i.e. size, density, orientation) or whether all share a common substrate, as suggested by the recent lesion data (De Weerd et al., 1994) , remains to be determined. If the latter were true, then the differing developmental patterns described here would of necessity reflect differences at the earlier stages where local properties or local contrast in these properties is encoded, as suggested above. The common higher order mechanism, if one exists, is clearly functional by 50 days of age. If, on the other hand, no common substrate is shared, the differences we have described could reflect different developmental timetables at any level of textural analysis. In any case, it is clear from the present results that one cannot treat "texture segmentation" as a unitary process.
